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1 Introduction
§  1.1 Energy consumption in residential buildings
One of the most important European and worldwide topics of the post war era has been 
the energy use. The rapidly increasing world energy consumption, from the 1950ies 
and on, has raised concerns on the security of supply, energy resources exhaustion and 
the environmental impacts on the ozone layer, global warming and climate change. 
The oil crisis of 1973 and 1979 made governments and policymakers to intensify the 
efforts of promoting energy conservation. 
Final energy consumption is usually divided in three major sectors: industry, transport 
and ‘other’. In the category ‘other’ one can find the sectors of agriculture, services and 




the increase in time spent inside buildings have made energy consumption for the built 






total consumption, almost matching that of the industry, while consumption due to 
transport was 32% [4]. According to the reference case scenario of the IEA in 2016, the 
total world energy consumption in buildings will be increasing by an average of 1.5% 
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The intensification of HVAC (Heating, Ventilation, and Air-Conditioning) energy 
consumption as well as the demand for increased thermal comfort, at levels that were 
considered a luxury not long time ago, have been crucial in the increase of energy use 
in the residential buildings. It is the largest energy end use for both the residential and 




§  1.2 Background and scientific relevance
One way to reduce energy consumption is to improve the built environment’s end-
use energy efficiency. For the residential building sector, a series of options can be 
considered such as improving the envelope characteristics of the dwellings, replacing 
outdated and inefficient HVAC equipment, appliances and lighting, and improving 
the demand response (metering, pricing, end-use load management). Additionally, 
switching to less carbon intensive fuels for space and water heating would further 
contribute to the reduction of energy consumption. 
The implementation of the above-mentioned measures resulted in a reduction of 
energy consumption increase in the residential sector but still substantial differences 
can be found between the energy consumption of similar dwellings [7,8,9]. Energy 




The reasons for these discrepancies are believed to be the misunderstanding or 
underestimation of occupancy behavior [10,11,12], the quality of the construction 
[13,14] and rebound effects [15,16]. Therefore, there are plenty of opportunities for 









Another very important boundary condition when it comes to designing dwellings 
is that the indoor thermal comfort should not be compromised by energy savings. 
This necessitated a rational concept for the engineering and management of indoor 
climate in order to provide the proper levels of thermal comfort for the occupants, 













parameters: mean radiant temperature, air temperature, relative air velocity, metabolic 
activity, clothing insulation and humidity. The PMV model in general works well in 
buildings with HVAC installations, mainly public buildings and offices. However, only 
a small fraction of residential dwellings has mechanical ventilation, the majority of 
those dwellings rely on natural ventilation. Furthermore, for these naturally ventilated 
dwellings the predicted indoor temperatures, which are considered comfortable, are 
significantly warmer than the ones predicted by Fanger’s PMV model in warm climates 
and colder in cold climates [19,20]. Another criticism of the heat-balance approach 










was needed that could address these adaptive notions of the occupants which was 
the adaptive model for thermal comfort. According to the principles of this model 
people are not passive recipients of a constant thermal environment but constantly 
interacting with and adapting to it. When something is happening that upsets their 
neutral thermal sensations people tend to adapt in order to restore this initial balance 
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two categories: genetic adaptations, which have become part of the genetic heritage 
of a group of people and can go on for multiple generations, and acclimatization 
within the lifetime of individuals [68]. Acclimatization is considered an unconscious 
feedback loop mediated by the autonomic nervous system and is not likely to play a 








Field studies that were conducted with the adaptive thermal comfort in mind, led 
to a significant correlation between the indoor neutral temperature (Tn) and the 
corresponding mean outdoor temperature (To) [19,24,25]. For naturally ventilated 
buildings, the correlations between Tn and To indicated that more than 90% of the 
variations in Tn could be explained by the changes in To while for buildings with 
HVAC the correlations were much looser [22]. The strong correlations show that 
when heating or cooling is used, the neutral temperature may vary within a wide 
bandwidth dependent on the external temperatures. This variation was attributed to 
the behavioral adaptations such as clothing, metabolic activity, and actions towards 
thermal comfort (opening or closing the windows, using the thermostat etc.) as well as 
psychological adaptations in the form of shifting expectations [68]. 
The introduction of the adaptive model and the demonstration of a wide zone of indoor 
temperatures for thermal neutrality created space for potential implications on energy 
savings. If people by adapting to their thermal environment could feel neutral in a wide 
range of temperatures, then one could think what could be the potential energy savings 
if the indoor temperature is always closer to the lower margin of this bandwidth, 
minimizing the heating costs (for the colder climates where energy is primarily spent 
for heating). The same could be implied for the hot climates where energy is primarily 
spent for cooling. If people could feel comfortable in a range of indoor temperatures 





been suspected of pushing the thermal zone of building occupants to the critical 
boundary. Besides Nicol and Humphreys had warned that a low energy standard which 




segment’ or associated lifestyle” [69] meaning that environmental concerns are not 














simulation models by practitioners to estimate and assess the comfort in individual 
dwellings, there are doubts about their validity and applicability range. It has to be noted 
here, that although indoor comfort in residential dwellings is also related to light, noise 
(and other aspects such as cooking, washing, gaming, watching television etc.) the focus 
of this thesis was on the parameters related to thermal energy, as this has the main share 








with its operating manual and were prompted to install it themselves which could hinder 
the accuracy and credibility of the measured data [34]. Furthermore, in all the above-
mentioned studies data were gathered locally and had to be retrieved manually. Other 
studies used diaries and questionnaires where tenants could fill in the temperatures at 
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specific times of the day as well as other relevant information [40,41]. This probably led to 
large uncertainty as no measurements were performed by measuring equipment and all 
the data were heavily dependent on the occupants’ answers. 
Apart from the problem of improving our knowledge on the actual energy consumption 
of the residential sector and the factors that affect it such as the building envelope, the 
heating and ventilation installations and the occupancy behavior, building scientists, 
designers and policy makers face another challenge. Building performance simulation 
has been established as the most common method in order to assess the theoretical 
energy consumption of dwellings that are under renovation or will be built from the 
start. Despite the growing sophistication and complexity of simulation tools for the 
built environment there are also shortcomings. The reasons for these shortcomings 
could be technical such as false assumptions made by researchers, designers or 
engineers who perform the simulations [10,43]. Furthermore, there could be limited 
information on materials of the building’s envelope (especially for very old buildings). 


































CO2, humidity, local air speed, and motion. Furthermore, sensors could provide data 
on clothing patterns, metabolic activity, actions towards thermal comfort (turning 
thermostat up or down, opening or closing windows, having warm showers or 
having a hot or cold drink etc.). This type of detailed data, measured in real time, will 
enable scientists to test further the validity of the comfort models in the residential 
environment, which up to now was very difficult to realize.




static calculation models, which are still used by most of the EU member states in order 








the big data from the future smart environments could be analyzed by appropriate 
algorithms and machine learning applications such as a-priori algorithms and neural 
networks [47]. 
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§  1.4 Aim of the study
The focus of this study is to contribute towards both the above-mentioned directions 
of research. The first aim is to test the sensitivity of the parameters that affect energy 
consumption and comfort in the residential built environment in a theoretical basis. 
The second aim is to investigate if it would be possible, with the help of a sensor 
rich environment, to validate both prevailing models for indoor comfort, the PMV 
and adaptive model, and explore the dynamics between occupancy behavior, indoor 
comfort and energy consumption in the built environment. Sensor rich environments 
in the residential sector are not present yet in large scale; therefore, this study 
investigates a small, but still significant, sample of dwellings. The aim is not to achieve 
representativeness for the complete residential building sector but to research if the 
methodology of using sensors to gather quantitative and subjective data (related to 
thermal comfort, occupancy behavior, and energy consumption) is promising enough 
and could lead to potential energy savings without compromising the indoor comfort of 
occupants. 
The main research question that this thesis will try to answer is:
“Are the existing indoor comfort models appropriate for use in the residential built 
environment of the Netherlands? How can advances in sensor technology and big 
data gathering contribute to the improvement of the existing models and the balance 
between indoor thermal comfort and energy consumption in the residential sector?" 
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§  1.5 Research questions
This section introduces the five main research questions and sub-questions defined for 
this study.
1 Q1: What are the most critical parameters relating to the building’s physical properties 
and the thermal behavior of occupants on predicting the energy consumption and the 
thermal comfort? 
The energy models that are widely used to predict the theoretical energy consumption 
of buildings are sensitive to particular input parameters. The most sensitive parameters 








of the residential built environment. 
The following sub-questions have emerged from the above research question and will 
all be handled in chapter 2:
 – Which are the most critical (physical and behavioral) parameters that influence 









data related to indoor comfort and occupancy behavior in an easy unobtrusive way in 
the residential built environment, and how do actual comfort parameters relate to each 
other’s and to the reported thermal sensation?
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sensation, metabolic activity, clothing, actions during last half hour related to thermal 
comfort) parameters that affect thermal comfort. 
The following sub-questions will be answered:
 – What are the temperature levels, reported thermal sensations, clothing levels, 
reported actions towards comfort, and activity levels in the sample and do they 
differ according to energy rating of the building and heating system (chapters 3, 
4 & 5).
 – What is the occupants’ temperature perception in relation to the energy rating, 
the ventilation and heating systems of the dwellings? (chapter 3)
 – What is the most common type of clothing worn by the occupants and what is 
their activity level in relation to their thermal sensation? (chapters 3 and 5)
 – Is there a relationship between type of clothing /metabolic activity and the 
thermal sensation? (chapters 3 and 4) 
 – Is there a relationship between type of clothing /metabolic activity and the 
indoor operative temperature? (chapter 3) 
3 Q3: Are the results from the in-situ and real time measurements in agreement with 
already existing insights from the PMV theory?
Comfort has rarely been researched on site and in actual conditions and in other ways 
than surveys or diaries. The main research question and its sub-questions will try to 
provide insight in the existing models of thermal comfort, particularly the PMV, and 




they compare to the neutral temperatures derived from the measurements of 
thermal sensation?
 – To what extent does the PMV comfort index agree with the thermal sensation 
reported by the tenants?
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the adaptive model theory, and its success in the prediction of occupants’ thermal 
comfort in the residential buildings. As the adaptive model has been incorporated into 
international standards (ASHRAE Standard 55 and EN15225) and is widely used to 
assess the comfort in individual buildings, it is important to know how far the results of 
the model are from the reported thermal sensation of occupants of dwellings.
The following sub-questions have emerged by the above research question and will be 
handled in chapter 4:
 – How successfully does the adaptive model predict occupants’ thermal 
sensations in the residential dwellings that participated in the monitoring 
study?
 – To what extent do outdoor temperatures affect indoor temperature set points, 
clothing and metabolic activity?
 – Which are the most common behavioral adaptations/actions taken by 
occupants to achieve thermal comfort, and how do these relate to the tenants’ 
thermal sensations?
5 Q5: Could a pattern recognition algorithm using subjective and quantitative data from 




behavior related to indoor thermal comfort and energy consumption in residential 
buildings. The Generalized Sequential Pattern recognition algorithm, developed 
originally for the retail industry, has been applied on the Ecommon data in order to 
discover frequently occurring sequences between thermal sensations, actions towards 
improving thermal comfort, clothing, metabolic activity, and indoor temperatures. 
The algorithm was implemented for a period of three hours in the morning and in 
the evening in order to discover possible differences between morning and evening 
behavior. Finally, the Ecommon data were used in dynamic simulations and the 
results were compared to the results of simulations with default occupancy schedules 
provided by the software. 
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The following sub-questions have been formulated and are handled in chapter 5: 
 – Can we implement an unsupervised algorithm as a data driven model for the 
prediction of occupant behavior related to energy consumption and thermal 
comfort in order to:
 – discover the most frequently recorded thermal sensations, actions towards 






 – Estimate how building energy simulations can be improved by this 
methodology.
§  1.6 Research outline and methods
The first research question (chapter 2) was answered by performing a Monte Carlo 
sensitivity analysis based on a series of simulations using the dynamic simulation 
software Energy+ in which the input data was varied using random sampling. 






















this campaign, called the “comfort dial”, Fig. 2. Occupants could record their thermal 
sensation at any time of the day with this device and add additional information about 
their activities and clothing in a logbook in paper form. Each data record was time 
stamped and time coupled with the quantitative data. In that way we knew the exact time 






actions towards thermal comfort, metabolic activity, and clothing levels were 
discovered. 
§  1.7 Data
§  1.7.1 Ecommon campaign set up  






which is not the case with individual owners. The sample had to be divided into A-rated 
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Details of the ventilation systems of the various dwellings are also given in Table 1.1.
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W001 F Condensing gas 
boiler
Natural supply Mech. Exhaust 6 1 67
W002 F Condensing gas 
boiler
Natural supply Mech. Exhaust 5 3 39
W003 A Heat pump Balanced Vent. 4 2 73
W004 A Heat pump Balanced Vent. 4 2 67
W005 A Condensing gas 
boiler
Balanced Vent. 4 1 92
W006 A Condensing gas 
boiler
Balanced Vent. 3 2 77
W007 A Heat pump Balanced Vent. 4 4 31
W008 A Heat pump Balanced Vent. 4 2 25
W010 A Condensing gas 
boiler
Natural supply Mech. Exhaust 7 2 29
W011 A Condensing gas 
boiler
Natural supply Mech. Exhaust 7 2 69
W012 F Condensing gas 
boiler
Natural Vent. 5 4 40.5
W013 F Condensing gas 
boiler
Natural Vent. 5 3 53
W014 F Gas stove Natural Vent. 5 1 83
W015 B Condensing gas 
boiler
Natural supply Mech. Exhaust 3 2 25
W016 B Condensing gas 
boiler
Natural supply Mech. Exhaust 4 2 70
W017 B Condensing gas 
boiler
Natural supply Mech. Exhaust 3 1 66
W018 B Condensing gas 
boiler
Natural supply Mech. Exhaust 3 1 61
W019 F Condensing gas 
boiler
Natural Vent. 5 3 29
W020 F Condensing gas 
boiler
Natural Vent. 6 2 74
W021 F Condensing gas 
boiler
Natural supply Mech. Exhaust 4 2 73
W022 F Condensing gas 
boiler
Natural supply Mech. Exhaust 3 2 64
W023 F Condensing gas 
boiler
Natural Vent. 4 2 66
W024 F Condensing gas 
boiler
Natural supply Mech. Exhaust 5 1 72
>>>
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W025 F Gas stove Natural Vent. 5 3 43
W026 F Condensing gas 
boiler
Natural Vent. 4 4 21
W027 F Gas stove Natural Vent. 5 1 67
W028 F Condensing gas 
boiler
Natural supply Mech. Exhaust 6 2 72
W029 F Condensing gas 
boiler
Natural supply Mech. Exhaust 3 1 62
W031 F Condensing gas 
boiler
Natural supply Mech. Exhaust 6 3 43
W032 B Condensing gas 
boiler
Natural supply Mech. Exhaust 4 3 39
§  1.7.2 Data acquisition and equipment
§  1.7.2.1 Honeywell equipment used to collect indoor climate data
The system used to collect temperature (T), relative humidity (RH), CO2 level and 
presence data was a custom-built combination of sensors developed by Honeywell. 
The temperature, humidity and CO2 sensors were all mounted in a single box that was 
installed in up to four habitable rooms (living room, bedrooms, study and kitchen) in 
each house participating in the measuring campaign. The type, model and accuracy 
of the sensors are shown in Table 1.2. The T, CO2 and RH sensors were not battery 
powered and therefore had to be plugged into a wall socket. The PIR movement 
sensor, on the other hand, was battery powered. Figure 1.1 gives an impression of the 
arrangement of the sensors.
The measuring frequency of all sensors was 5 minutes. The value recorded for each 
5-minute interval was the average of the readings during that interval. Temperatures 
were measured in oC, relative humidity in percentage (%) and CO2 levels in ppm (parts 
per million). The PIR sensor data were in binary form (0 and 1), zero means that no 
movement was detected during the 5-minute interval in question while one means 
that movement was detected at least once during the interval. The presence sensors 
had an automatic correction for pets.
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TABLE 1.2  Types, models and accuracy of sensors used during the Ecommon measurement campaign
SENSOR TYPE MODEL ACCURACY
CO2 GE Telaire 400 – 1250 ppm: 3% of reading
1250 – 2000 ppm: 5% of reading





§  1.7.2.2 Subjective data: comfort dial and log book
The Ecommon measurement campaign collected subjective as well as quantitative 
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§  1.7.2.4 Occupant survey and inspection list
Occupants were asked to fill in a questionnaire during installation of the sensors in 
their home. The questions asked fell into three categories: 1) general information on 
the participating households, such as household composition, income, age, education 
level; 2) the occupants’ heating, showering and ventilation habits; and 3) overall 
perception of the comfort of the dwellings, see appendix A. 
Furthermore, each dwelling was inspected during the installation of the monitoring 
equipment. The inspection covered the following items, which were relevant to the 




The information mentioned in this section appear again in each of the later chapters of 
this thesis as part of the respective published articles in scientific journals.















could therefore not be used for more than one house. We had in our disposal 32 mini 
PCs that could accommodate the sensors for 192 dwellings if these were close to each 
other. Instead, we were able to gather data from only 32 dwellings. 
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Another limitation had to do with the collection of the subjective data. Initially a 
smartphone/tablet application had been developed in order to capture data on 
thermal sensation, actions towards thermal comfort, clothing and metabolic activity. 
However, due to financial limitations, there were not enough tablets to be handed in 
to the tenants and, furthermore, many of the tenants were old and not so familiar with 
new technology. Therefore, a paper version had to be devised (paper logbook) in order 
to gather the subjective data. This approach of course was crude especially in terms of 








a graphic interface built for Energy+ and supports many of the simulation engine’s 
features. The rest of the questions and sub questions were answered with the data 
gathered during the Ecommon measurement campaign. 
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RESEARCH QUESTION
Q1: What are the most critical parameters relating to the building’s physical properties and the thermal behavior of occupants on 
predicting the energy consumption and the thermal comfort?

























Q2: How to perform in-situ and real time measurements of subjective and quantitative data related to indoor comfort and 
occupancy behavior in an easy unobtrusive way in the residential built environment, and how do actual comfort parameters relate 
to each other’s and to the reported thermal sensation?
Sub questions Data Chapter
1)  What are the temperature levels, reported thermal sensations, 





rating, the ventilation and heating systems of the dwellings?
Ecommon 3
3)  What is the most common type of clothing worn by the occupants and 






the indoor operative temperature?
Ecommon 3
RESEARCH QUESTION
Q3: Are the results from the in-situ and real time measurements in agreement with already existing insights from the PMV 
theory?
Sub questions Data Chapter
1)  Which are the neutral temperatures calculated by the PMV method 
and how do they compare to the neutral temperatures derived from the 
measurements of thermal sensation?
Ecommon 3
2)  To what extent does the PMV comfort index agree with the thermal 






Q4: Are the results from the in-situ and real time measurements in agreement with already existing insights from the adaptive 
comfort theory?
Sub questions Data Chapter
1)  How successfully does the adaptive model predict occupants’ thermal 




points, clothing and metabolic activity?
Ecommon 4
1)  Which are the most common behavioral adaptations/actions taken 




Q5: Could a pattern recognition algorithm using subjective and quantitative data from a sensor rich environment, able predict 
occupancy behavior related to thermal comfort and energy consumption, and how can does the use of these actual patterns 
impact the energy consumption calculated by building energy simulation software?
Sub questions Data Chapter
1)  Can we implement an unsupervised algorithm as a data driven model 
for the prediction of occupant behavior related to energy consumption and 
thermal comfort in order to:
a)  discover the most frequently recorded thermal sensations, actions 
towards thermal comfort, and metabolic activity and clothing levels based 
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